Dynamic photonic structures can be tuned by changing periodic structures and/or the index of refraction.
fabrication of holographic sensors that display improved versatility and scalability. This platform utilizes an efficient approach to produce off-axis chemical-stimuli responsive holographic sensors with a large, reversible narrow-band tunability, using metallic nanoparticles that can be organized in density-concentrated 3D regions. Our sensor employs a simultaneous lateral and vertical periodic diffraction grating of silver nanoparticles dispersed within a poly(hydroxyethyl methacrylate)-based (pHEMA) matrix with a dry thickness of approximately 10 μm. The diffracted light is spectrally concentrated at a specific narrowband color due to the vertically-ordered periodicity.
We use 6 ns-pulsed laser (λ= 532 nm) standing waves to order the density of silver results in water uptake and swells the hydrogel. This swelling increases the spacing of nanoparticles in primarily the vertical (and to a lesser extent in lateral) directions, which produces a dynamic narrow-band diffraction regime. As the concentration of H + decreases from pH 4.00 to pH 8.00 under physiological (150 mM) ionic strengths, the wavelength of the peak originating from the structure systematically shifts from 495 to 815 nm ( Figure 1(g) ).
The shift in the diffraction peak is visible to the naked eye throughout most of the measurement (Figure 1(h) ). The process is reversible and the same sensor may be used for multiple analyses.
Apart from holographic sensing technology, several advances in pH sensing have been recently demonstrated. New electrochemical and field-effect transistor based sensors have utilized carbon fiber [6] and carbon/metallic [7] nanostructures for pH sensing, respectively.
Notably, recent fluorescent sensors based on Förster resonance energy transfer using synthetic DNA [8] , genetically encoded red protein [9] and antibody-conjugated pH dependent dye [10] have been demonstrated for intracellular monitoring. Our holographic pH sensor offers unique attributes since it provides not only the interrogation and reporting transducer, but it also has the analyte-responsive hydrogel, rendering it label-free and reusable with remote sensing capability. Our flash photochemical process represents a first step towards multifunctional 3D
hydrogel-based holographic sensors.
The response of the holographic sensor to pH change is rapid and reproducible.
Consecutive swelling/shrinking steps were reproducible to within ± 3 nm over 20 successive buffer changes. No hysteresis was detected. For example, a pH change at 0.50 units from pH 5.50 to 6.00 took ~1 min to equilibrate, with a variation of peak diffraction wavelength of ± 1 nm over three trials. The range of sensor response and the sensitivity of the hydrogel can be modulated by varying the concentration of the crosslinker and ionizable MAA in the polymer matrix, respectively. [11] Such hydrogels can also be functionalized to be highly selective to a range of stimuli. [12] In order to predict the interference patterns which produce the photonic structure in the hydrogel, we modelled our system during fabrication as arising from a superposition of different light waves. Hence, we evaluated the interference pattern created from three waves, including: (1) incident beam, (2) beam reflected from the mirror and (3) beam reflected internally at the hydrogel-water interface. Figure 2 (a) illustrates a schematic of the laser light interference from the three beams.
We reconstructed the intensity distribution of the field along the hydrogel by simulating the interference of the three plane waves. Through computing the respective intensities and phases of individual plane waves, the resulting interference pattern was extracted. To visualize the intensity distribution in a 2D cross-section plane, the electromagnetic field at every point over an area of 10 μm x 10 μm inside the hydrogel was evaluated. shows the result for the interference pattern of the three distinct plane waves, taking into account: angle, index of refraction, laser light wavelength, exponential decay of laser intensity while the laser light travels through the hydrogel-NP system and laser light phase changes upon reflection.
In order to simulate the laser-based photochemical patterning process, it is assumed that the energy of a single pulse gets transmitted instantaneously (6 ns) to the particles before heat diffusion is involved. Notably, the localization of heat along the standing wave is essential to produce a well-defined photonic structure. The model was simplified by implying that photochemical patterning process occurs where the energy concentration exceeds a given threshold. waves results in this grating-like structure at the interface of the non-patterned region. The effect of laser wavelength, power, pulse duration, nanoparticle size and surface plasmon resonance on the mechanism of laser-based photochemical patterning and subsequent absorption by the nanoparticles has been widely discussed elsewhere. [13] Studies have shown that the interaction between the laser light and the nanoparticles may influence particle diffusion, oxidation, structure and distribution. [14] The outlined factors above could contribute to organizing the nanoparticle-polymer system which acts as a holographic sensor.
In order to characterize the spectral response of the underlying photonic structure, the holographic sensor was illuminated at normal incidence with a supercontinuum white light laser. The angle-dependent backscatter was recorded at different angles by a spectrophotometer positioned onto a goniometer. Figure 2 (d) illustrates the spectrum for different collection angle and the intensity of the peak (in blue-to-red color scale). The grating structure diffracts light analogous to a grating coated with a multilayer. However, the diffraction is two orders of magnitude more efficient at ~532 nm compared with the other diffracted wavelengths (Figure 1(g) ), due to the underlying grating multilayer structure parallel to the grazing surface. The combination of these two structures effectively provides an intense color-selective back-diffraction at angles away from the sample normal (see Supporting Information).
To understand the optical response of the multilayer structure, finite-element simulations were performed. The simulated model (Figure 3(a) ) comprised of a cross section of six stacks composed of silver nanoparticles. Due to the limitations of computational software only the 1D multilayer structure was simulated and not the multilayer grating that produces the monocoloured diffraction. Therefore, the simulations only show the band gaps (regions of enhanced reflection) displayed by the multilayer structure and not the diffraction effects. The 1D periodic array of nanoparticle stacks was generated in MATLAB, with each stack consisting of 60 nanoparticles (generated using normal distribution with a mean diameter of 13 ± 10 nm) (See Supporting Information). Within each stack the particles were uniformly distributed in the vertical direction, while in horizontal direction, normal random distribution was used.
The spacing (vertical lattice constant) between stacks was set to 193 nm which is equal to λ/2ncosθ (θ=5 o ), where λ = 532 nm is the wavelength of laser used for photochemical patterning process and n = 1.37 ± 0.03 is the index of refraction of the fully swollen hydrogel.
The effective index of refraction of the non-patterned hydrogel was 1.46 ± 0.01 and it decreased to 1.43 ± 0.01 after photochemical patterning of nanoparticles (see Supporting Information). Within the hydrogel, the laser wavelength of 532 nm is reduced to approximately 386 nm, and hence a vertical periodic structure with a lattice constant of around 193 nm is produced. The model was used to simulate the wave propagation through the lattice for the wavelength range of 400 nm to 1000 nm. Figure 3 (c) illustrates the simulated reflection spectrum from the multilayer structure. The spectrum shows peak reflectivity at 536 nm, the wave propagation of which is shown in Figure 3 Additional simulations were performed to analyze the effect of expanding the holographic sensor on the reflection band gaps. A multilayer structure with six nanoparticle stacks was modelled with the spacing between the stacks set to be 182 nm. nm. It is also observed that with an increase in stack spacing, the efficiency of the multilayer structure decreases, shown by the decrease in the intensity of the reflection band. This is due to the decrease in the concentration of nanoparticles present in each stack, which reduces the effective index contrast between the nanoparticle stacks and medium. Another contributing factor is that the scattering strength of each Ag NP increases at Mie plasmon resonances in the blue/green region, so the total amount of scattering decreases as the Bragg resonance shifts to longer wavelengths. While Figure 3 (g) shows that the wavelength-shift trend expected from the model is reproduced experimentally with regard to a fall in efficiency at higher wavelengths, the peak broadening predicted was not observed. It is notable that the simulated reflection peaks are considerably wider than found experimentally. This is likely to be due to the limited number of periods of the lattice which were modelled (computational limitations do not permit us to model the full 10 μm depth of the hologram).
To demonstrate the utility of our sensor, we describe a clinical application to analyze acidbase balance in artificial urine samples [15] (see Supporting Information). Urine pH in a healthy individual is in the range of 5.0-9.0. [16] Analysis of urine pH has diagnostic utility in, for example, the evaluation of urinary tract infections (UTIs) [17] and renal tubular acidosis. [18] Modification of the urine pH is a key element of treatment for certain types of kidney stones, [19] or toxic ingestions. [20] We have tailored the tunability range of our holographic sensors to measure the pH from 4.5-7.0 in artificial urine samples. Our method allows the use of a diverse array of substrate matrices, ranging from synthetic to natural polymers. The diffraction angle and holographic pattern within the matrix can also be controlled depending on the desired application. Other metallic nanoparticles and dyes can also be used in building well-ordered diffraction gratings with our method. Our sensing platform has extremely attractive attributes such as simple fabrication without requiring cleanroom facilities, flexible characteristics desirable for printing, and overall low-cost with potential scalability. We anticipate that our platform strategy of fabricating holographic sensors with wide optical ranges will lead to many novel applications from printable diffraction grating devices to rapid colorimetric sensors and biomedical sensing. 
Experimental Section
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Holographic Sensor Preparation
Hydrogel films were prepared with a monomer solution consisting of 91.5 mol% HEMA, 2.5 mol% EDMA and 6 mol% MAA. The solution was mixed in a ratio of 1:1 (v:v) with 2%
(w:v) DMPA in propan-2-ol. 200 µl of the resulting solution was pipetted as a lateral blob on an aluminum coated polyester sheet (aluminum side facing up). PMMA substrates were manufactured through a casting method which does not have birefringence, a requirement for our fabrication method. These substrates were O2 plasma treated under a vacuum of 1 torr for 3 min to render the PMMA surface hydrophilic (Fig. S1(a) ). The PMMA substrates were positioned with the O2 plasma treated side facing down on top of the prepared hydrogel solution blob on the aluminum coated polyester sheet. Aluminum sheet-PMMA spacers, such as silica or latex beads with average diameters ranging from 5 to 20 µm may be used to control the thickness of the polymer gel during curing. The samples were subsequently exposed to UV light for 30 min to initiate free radical polymerization and therefore, crosslinking of the hydrogel network (Fig. S1(b) ). Room temperature curing and thermal polymerization can also be used.
Silver nitrate (AgNO3) (1 M, 200 µl) dissolved in deionized water was pipetted as an elongated blob onto a glass sheet. Alternatively, silver perchlorate solution may be used in methanol 50:50 (methanol: water). The PMMA substrate-hydrogel, polymer side down, was placed over the elongated blob of AgNO3 and the sample was incubated in situ for 3 min to allow perfusion of AgNO3 into the hydrogel film (Fig. S1(c) ). The positively charged Ag + , which have affinity to polymer matrix, were reduced to silver nanoparticles by immersing the PMMA substrate-hydrogel in a photographic developer (pH 13.0) comprised of 0.3% (w/v) 4-methylaminophenol sulfate, 2% (w/v) ascorbic acid, 5% (w/v) sodium carbonate and 1.5%
(w/v) sodium hydroxide, during 30 seconds (Fig. S1(d) ). In the developer, ascorbic acid is the main contributor to Ag nanoparticle formation by donating electrons to the Ag + ; the molecular configuration of the ascorbic acid changes to dehydroascorbic acid after donating electrons.
The hydrogel-Ag nanoparticle system was washed thoroughly with deionized water, prior to immersion in 5% (v/v) acetic acid (pH 2.5) to neutralize the developer for 30 seconds ( Fig.   S1(e) ). Finally, the sample was washed in water, dried, and stored at room temperature ( Fig.   S1(f) ). The hydrogel acts as a supporting medium for the embedded silver nanoparticles, while also preventing nanoparticle agglomeration. 
Index of refraction measurements
The index of refraction of the pure pHEMA is 1.51 [ref] . Abbe refractometer with an LED was used for the measurements. The effective index of refraction of the non-laser-patterned hydrogel (pHEMA, MAA, EDMA, Ag NPs) was 1.46 ± 0.01 and it decreased to 1.43 ± 0.01 after laser-based photochemical patterning of nanoparticles. Indirect measurement of the index of refraction of water-pHEMA system was 1.37 ± 0.03, achieved using a plano-convex lens. The focal points at air (n = 1.00), water (n = 1.33), ethanol (n= 1.36) and decane (n = 1.41) were measured by placing the lens, convex side down, in a glass Petri dish, and submerging the lens into the target media. Next, the monomer mixture (91.5 mol% HEMA, 2.5 mol% EDMA and 6 mol% MAA) was polymerized with a lens in the Petri dish, followed by the measurement of focal length of fully water swollen-hydrogel system. Finally, the index of refraction of water-hydrogel system was extrapolated based on the reference focal length measurements of air, water, ethanol and decane (Fig. S2) . buffers, this is not feasible. In addition, a photomask may be placed on the sample to create desirable patterns of holographic sensors. Additionally, concave and convex mirrors can also be used to obtain off-axis diffraction.
Characterization of holographic sensors
A holographic sensor fabricated in dry conditions (i.e. in air) was prepared. A supercontinuum white light laser was used for the illumination and a spectrophotometer positioned onto a goniometer was used for collecting the spectral response. Figure S3a illustrates the holographic diffraction in logarithmic scale. Figure S3b shows the hydrogel surface imaged using a microscope. 
Spectral analysis of the holographic sensors
Holographic sensors were cut to 0.5 cm × 2.5 cm rectangles and spectroscopically analyzed in a 4 ml disposable plastic cuvette containing different buffer and artificial urine reservoirs (pH 4.00-9.00). The solutions in the cuvette were kept at constant room temperature. The holograms were allowed to reach constant diffraction wavelength before a reading was taken.
TEM analysis
Hydrogels were released from their substrates with a razor blade and transferred to dry ethanol. This was replaced with 2 changes of acetonitrile for ten minutes each. They were transferred from that into a 50/50 mixture of acetonitrile and Araldite epoxy resin. The acetonitrile was allowed to evaporate overnight. The hydrogels were transferred through 3 changes of araldite for 2 hours each and the resin was cured at 60 degrees C for 48 hours.
Vertical sections through the hydrogel were cut with a diamond knife (Deyemond, Germany) using a Leica Ultracut UCT (Leica, Vienna). They were mounted on 400 mesh copper grids and viewed in a FEI Tecnai G2 (Oregon, USA) operated at 120kv. Images were recorded with an AMT 60B camera running Deben software.
Nanoparticle Size
Nanoparticle size distribution before (Fig. S4(a) ) and after laser-based photochemical patterning process (Fig. S4(b) ) was measured via analyzing TEM images. ImageJ (National Artificial urine was prepared as described previously [Martinez et al., 2008] . pH was adjusted to the desired values using 1M hydrochloric acid and 1M sodium hydroxide (Table S1 ). indicates the charge of a specific ion It was assumed that there was no ionic contribution made from peptone L37, yeast extract, urea, and creatinine.
pKa value estimation
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